Ejector-ramjet combined cycle engines have received increased attention as candidate for future reusable launch vehicle propulsion systems. Such engines use an ejector rocket during take-off and low speed acceleration. In order to obtain more reliable performance estimations and to get a better understanding of the engine characteristics and sensitivities, a CFD study has been initiated using a commercial CPD code. The final target of the study is to enable a more accurate input for system analysis studies.
Nomenclature

Introduction
To reduce the required propellant mass fraction for space transportation vehicles, the use of atmospheric air is one of the most promising options. Recently rocket based air-breathing concepts, so-called Rocket Based Combined Cycle (RBCC) engines have received increasing attention.
Various engine concepts have been studied during the past decades. Daines 1 gives an extensive overview of past as well as recent research activities.
One of the most extensive studies in this field is the NASA/Marquardt 2 study from 1966, which has been revisited by Escher 3 in 1985.
Ejector Rocket
The ejector rocket is the mechanically most simple version of a combined cycle engine. It can be used in combination with more complex engine cycles such as ramjet, scramjet or air liquefaction cycle or just with a rocket engine cycle alone.
Velazquez 4 gives a short historical overview on the past efforts regarding ejectors in the fields of aeronautics and space propulsion. Of these references in particularly the work of Schetz 5 ' 6 is highly esteemed. 
Basic Principals
The ejector rocket combines 3 basic mechanisms, which can enhance the system performance.
Increasing Engine Massflow
A large amount of secondary air can be entrained into the system. Momentum is transferred from the primary rocket exhaust jet into the secondary air flow. This reduces the average jet velocity and temperature. Depending on the jet speeds, mass flow ratio and effectiveness of the mixing process the thrust levels can increase but also decrease.
Secondary Combustion
Modern rocket engines are in almost all cases operated at fuel rich condition. Therefore the rocket exhaust jet contains a significant amount of unburned fuel. If air is mixing with the the rocket jet a secondary combustion occurs and heat is released into the flow. With increasing flight speed and nozzle pressure ratios, this release of heat before and during the expansion can be converted into an additional propulsive force, which can increase the specific impulse to twice the amount of the rocket engine and the importance of the effective acceleration for a rocket vehicle, which the ejector can well provide. Furthermore an ejector system has a simple design and therefore the potential for lowest development cost compared to other air breathing concepts.
Recovery of Expansion Losses
At low altitudes rocket engines suffer from a performance loss due to expansion to ambient pressure. In order to overcome this performance loss, high combustion chamber pressures and temperatures are required. With a good ejector design this performance loss can be partially recovered. The overall system performance becomes less dependent on the rocket performance, which in turn allows to decrease chamber pressure and temperature and allows to design rocket engines to be more robust, reliable and reusable.
Vehicle Base Drag
Another benefit related to the engine-vehicle integration and is the potential reduction of the vehicle base-drag. This effect will enhance the overall vehicle performance and is therefore an indirect or secondary benefit of the ejector-rocket.
Vehicle Perspective
A vehicle system analysis has been performed in a parallel study 7 for vehicle concepts with relatively low aerodynamic performance, which is typical for tankwing type designs. Such designs are in turn typical for vehicles with high propellant mass fractions. This analysis shows, that for most vehicle configurations the performance increase when using an ejector rocket is much larger than expected from the only moderate increase of engine-specific impulse. This underlines
Geometry & Dimensions
A simplified, rotational symmetric geometry has been selected for the ejector (see figure 1) . A number of different test cases have been set up, in which the area ratios between rocket-nozzle exit and ejector throat, as well as the ejector inlet and exit have been modified until satisfactory flow convergence could be achieved.
The over-all size of the ejector has been selected based on the vision to conduct an experimental verification with a small liquid oxygen, liquid hydrogen rocket engine.
The dimensions of the ejector and nozzle can be seen in figure 2.
Rocket Nozzles
Two different kinds of rocket nozzles have been used, which are a plain conical nozzle and a conical nozzle with 12 sinus-lobes. In both cases the selected nozzle area-ratio of 25 was not modified during the study. This is planned to be done in the future. A sketch of the two nozzles can be seen in figure 3 .
Numerical Modeling
For all results presented in this paper the commercial CFD code GASP 8 has been used. tions in this paper, the 3-dimensional steady state Reynolds-Averaged Navier-Stokes (RANS) equations have been solved with time marching. Roe's scheme with 3rd order accuracy in all directions was employed for the flux-differencing together with Minimum Modulus (Min-Mod) limiting. The wall gradient calculation is performed with 2nd order accuracy as well. As for the viscous fluxes, the thin layer terms are included in all three directions, the cross derivative terms have not been included.
Transport Properties
Sutherland's 9 law is used to determine the laminar species viscosity. The binary diffusion coefficient is determined with a constant Schmidt number of 0.7.
For the laminar species' thermal conductivity also Sutherland's model is used. The mixture thermal conductivity is determined using the Wilke's relationship.
To determine the turbulent coefficient of the thermal conductivity a turbulent Prandtl number of 0.9 is used. A turbulent Schmidt number of 0.5 is used for the determination of the turbulent contributions to the mass diffusion coefficient.
Turbulence Model
Chien's 10 Low Reynolds-Number k-e model has been selected as turbulence model.
Limiting is applied to the turbulent kinetic energy K, the turbulent dissipation e and the turbulent length scale L. According to Laval, 11 the k-e model provides results with reasonable accuracy.
The k-e equations are solved fully coupled with the RANS equations.
Thermodynamic Model
The internal energy is determined based on translational, rotational and vibrational equilibrium. It is calculated by summing energy contributions derived from statistical mechanics. 
Computational Domain &: Grid
The computational domain covers the diverging part of the rocket nozzle, part of the inlet and the converging-diverging ejector.
A structured grid is generated with simple analytical functions. In case of the unlobed rocket nozzle, the grid is fully rotational symmetric around the x-axis. In case of the lobed nozzle it is periodic. Because the number of lobes has been selected to be 12, in both cases only a quarter of the domain is solved. Symmetry boundary conditions are applied for the x/z-plane and x/y-plane.
The grid consists of 6 blocks, 2 for each of the main components nozzle, inlet and ejector. The grid is manually adapted.
Three sequencing (or coarse) levels are used in order to reduce the solution time. The number of cells for each of the three levels can be seen in figure 2 . Figure 4 shows a lateral (x/y-plane) view of the grid.
The rocket nozzle has a conic shape. For the transition from the throat to the cone a parabola is used. The lobes have a sinus shape, start in the nozzle throat and extend over the full length. With this design the flow does not turn in the nozzle once it has left the parabolic throat section. The Boundary conditions are derived from a selected vehicle flight speed of Mach 2.0 at an altitude of 11 km. The air inlet is not part of the simulation. It is assumed to be adiabatic and with a stagnation pressure loss of 10%.
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For the inflow the stagnation conditions are fixed, in order to allow the velocity and therefore mass-flow to adapt. The outflow is extrapolated with 1st order. On all walls a no-slip adiabatic boundary condition is applied. In order to establish proper ambient conditions at the last four cell rows of the ejector, the freestream boundary condition is applied with ambient conditions instead of the wall BC (see figure 4). Figure 3 shows the pressures, temperatures, species densities and Reynolds-numbers of the inflow conditions.
Solver
The steady-state solutions are obtained with an implicit scheme. Gauss-Seidl time integration is used for external and internal iterations.
Computational Environment
A Linux PC cluster consisting of a server and 6 disk-less node computers is used for the numerical simulation. All computers are equipped with 850 MHz Dual-Pentium III CPUs (in total 14 CPU's) and 256 MB memory. For the process communication protocol is MPI (Message Parsing Interface), which is currently running on the TCP/IP network protocol. An off-the-shelf 100 MBit ethernet network is used with a single network-switch. The average parallelization performance is 70~80%. This results in an effective computational performance increased by a factor ~10 compared to a single CPU or factor ~5 to a previously used 500 MHz single-CPU Alpha workstation. The speed increase depends somewhat on the how well the grid can be decomposed into computational sub-domains and can be faster than the above mentioned values. The data traffic between the 7 machines is currently far below the maximum network capacity. Therefore a performance increase through adding more computer nodes is likely. 
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Discussion
To find solutions for the rocket ejector appears to be not a trivial task. A number of cases with varying geometry have been attempted, but only for some a converging solution could be obtained. Often unsteady flow, flow with recirculation zones and in case of geometries with constant area, un-stationary shocks have been experienced.
Computational Aspects
Due to current memory limitations the results in this paper have only been obtained on the medium grid. It is believed, that for some of the flow cases the finer grid will aid convergence, because the gradients in the ejector flow are partially very high.
Convergence
The number of grid-cells and the above mentioned unsteady features, which occur in some flow cases, pose a challenge to define a convergence criterion in connection with an ejector flow. Or as Velazquez 4 writes "To establish a convergence criterion is not a trivial task for a time marching method". The two flow cases presented in this paper however could be converged by three orders of magnitude shown in figure 5b.
The low number of iterations in figure 5b is however somewhat miss-leading. In fact more effective computational time and about 7 times as many iterations were spent on the coarse grid (1/8 th of the cells). Convergence could not be achieved for the coarse grid to more than 1 order of magnitude with the k-e turbulence model, and 2 orders of magnitude with the BaJdwin-Lomax turbulence model. Latter was temporarily used to be able to continue the iteration, which was not possible with the k-e model due to strong divergence resulting in floating point exceptions and programme crash.
CFL number
Particular for the analyzed flow cases is also the very low CFL number (between 0.01 and 0.1) which was used to achieve convergence. If a higher CFL number was selected, the flow was solved, but the residual did not converge.
Furthermore local time stepping could not be successfully applied because also in this case the residual did not convergence.
Flow Related Aspects
Different geometries have been attempted to be solved. However in a number of cases strong recirculation has been experience, which appeared to inhibit a convergence for the current number of grid-cells (only medium grid).
Further more, ejector cases for higher flight Mach number appeared to be easier to solve. This is explained through the fact, that even with deactivated rocket-nozzle flow, the ejector throat was choking because a sufficient pressure ratio was available. Such a strong pressure gradient over the nozzle appears to stabilize the flow, inhibits recirculation and hence makes a solution easier to achieve.
However on the other hand, in some cases recirculation appeared to enhance the mixing and combustion and might, if applied in a controlled manner contribute to shorten mixing and combustion length.
In case the ejector throat was too narrow, the rocket exhaust flow fills the full ejector cross section thereby inhibiting any secondary air flow.
Results
In the following, the results of the comparison between the unlobed and lobed rocket nozzle ejector are discussed. Figure 6 shows a 3D cascade plot for temperature. On top, or the left side (looking in flow-direction) shows the unlobed case, the lower or right side shows the lobed case. The difference in the temperature profile due to the increased mixing and combustion is clearly visible. Figure 7 shows the temperature again, but now in a contour plot. The peak temperature in the lobed case is more than 250 K higher, and the zones of increased temperature are significantly larger.
Furthermore the 500 K-line in the upper/unlobed part of figure 7 indicates, that a large amount the secondary air-flow remains unmixed, which also Related to the temperature is the mass-fraction of OH, which is shown in figure 8 . This figure indicates not only the strong connection between temperature and OH mass-fraction, it also shows a strong increase of OH-production of at least 60 %, and underlines again the much larger heat release in the lobed case.
The N2 mass-fraction in figure 9 is used to visualize the depth of penetration of the mixing process into the rocket jet. In the used chemical model N 2 is inert and can therefore be used as some kind of tracer gas. The lobed case shows a clear improvement of mixing.
In the Mach-number plot of figure 10 the difference between the two flows becomes even more apparent. For the unlobed case (upper part) the expanding rocket jet builds a kind of flow duct for the secondary air, which creates a second throat (Mach 1 region) downstream of the geometric ejector throat. The lobed case is very different and does not show this pattern. On the contrary the flow speed has a homogeneous distribution.
The turbulent kinetic energy shown in figure 11 unveils another aspect of the ducted flow mention in the previous paragraph. In the unlobed case (upper half) the rocket exhaust jet appears to force the secondary flow to change the direction towards the wall. This apparently creates strong turbulencesthe highest in the flow-field. This pattern can not be observed for the lobed mixer. Figure 12 shows the pressure distribution of the flows. Despite the higher flow-speed on the wall (see Mach-number plot in figure 10 ) for the lobed mixer, the static wall pressure is higher as well and result in a higher propulsive force.
In figure 13 the static wall pressure is plotted over the ejector length in more detail
Conclusions
For a relatively short ejector, which is required for the implementation in a future launch vehicle, the unlobed nozzle shows only little mixing with the rocket flow. This results in a low exchange of momentum and a low heat release, because hydrogen and oxygen do not get well in contact.
6 OF 9 Forced mixing appears to be a key requirement to achieve effective mixing in short ejector designs. In addition to lobed rocket nozzles, which have been applied in this study for their simple modeling implementation, there are a number of other possibilities to enforce mixing, such as flow-ducts, which extend into the rocket flow, or mixing jets, which impinge and disturb the main rocket jet.
Finally, the simulation of combustion appears another important requirement for ejector simulation, because of the significant amount of heat which can be released into the flow.
